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Abstract We describea new cellular array architecture and its implementationon a ConfigurableSystemon a Chip
(CSOC).In this architecture,an array of computingcellscommunicatewith a conventionalprocessorover a globalmem-
ory. The architectureis customizableto a classof applicationsby funtional unit, interconnect,and memoryparameters.
The architectureis flexible enoughto accomodatea varietyof parallel processingmodelsincluding MIMD, SPMD,and
systolicflow. Thearchitecturesupportsdynamicreconfiguration.

We describea concreterealizationof this architectureon the Altera Excalibur ARM which can deliver 7.6GigaOps/s
(8 bit data)andshow implementationof a systolicdatamining algorithm on theExcalibur-basedfabric.
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1 Intr oduction

Thenotionof cellularcomputation,collective computationby anarrayof regularly interconnectednodes,has
beena recurringthemein computerarchitecturesincethe early daysof computerscience[14]. Rangingfrom
cellular automatato systolicarrays[10], a large body of algorithmsandarchitectureshave centeredaroundthe
notionof a fabriccomposedof simpleautomatainteractingwith immediateneighborsin ann-dimensionalmesh.

Fabric-basedarchitecturesareparticularlyattractive for efficient layout in VLSI, andspecializedchipshave
beendevisedfor solving specificcomputationalproblems,especiallyin imageandarrayprocessing.However,
specializedASICs designedto solve specificinstancesof problemsarenot cost-effective, andrelatively few of
the scoresof designshave actuallybeenfabricated(see,eg. [3] for onesuchsuccessfulimplementation),with
virtually noneseeingwidespreaduse.

Recentproposalsfor fabric-basedarchitecturesinclude[15], [11], [7], [9], [16], and[2]. In thiswork, we build
ondesignprinciplesembodiedin citedproposals,at thesametime introducingtwo key new concepts.Ourdesign
consistsof aparameterizedcellulararchitecturein whichacellularfabricisconnectedtoastandardmicroprocessor
via a systembus. Eachcell in thefabrichasa local datamemoryanda separateprogrammemory. Thecollection
of local memoriesof all thecellsform a globalmemory. It is possibleto make this memorydual-portedsothatit
canbeaccessedconcurrentlyby a cell andby themicroprocessor. Parametersto thefabricincludethenumberof
nodes;theamountof local memorypernode;theamountof globalmemorysharedbetweenmicroprocessorand
fabric;thearithmeticunit functionality;dimensionalityof theinterconnect;andwidth of theinterconnect.

In thenext sectionwediscussrelatedwork andfeaturesthatourdesignshareswith previousproposals.Next we
describeourparameterizedfabricarchitecturefor whichwehavecreatedareferenceimplementationontheAltera
Excalibur ARM ConfigurableSystemon a Chip (CSOC).Thenext sectionshows how a representative algorithm
is mappedto thefabricandcomparesfabric-basedperformanceto “native” performanceon theExcalibur ARM.
Weendwith conclusionsandfuturework.



2 RelatedWork

Fabric-basedarchitecturehasbeenanattractive designpoint within thereconfigurablecomputingcommunity.
Oneof thefirst proposalsfor a fabric-basedarchitectureusingcommercialFPGAswastheProgrammableActive
Memoryfrom DEC ParisResearchLaboratory[15]. Basedon FPGAtechnology, a PAM (ProgrammableActive
Memories)is a virtual machinecontrolledby a standardmicroprocessor. It canbedynamicallyconfiguredinto a
largenumberof application-specificcircuits. PAM introducedtheconceptof “active” memory. PAM is attached
to somehigh-speedbusof thehostcomputer, like any RAM module.Unlike RAM however, thePAM processes
databetweenwrite andreadinstructions(seealso[6] for anotherProcessingin Memoryapproach).

Anotherimportantconceptis thatof bi-directionalcommunicationlinks suchasthecommunicationstructure
proposedby theRemarcproject,a fabric-basedmeshco-processor[11]. In our architecture,thecommunication
network operatesconcurrentlyto cellular computation,allowing full utilization of the cell in the fabric. Pro-
grammabledatapathswereproposedby RaPid[7] , a linear arrayof function units composedof 16-bit adders,
multipliersandregistersconnectablethrougha reconfigurablebus. Thelogic blocksusedareoptimizedfor large
computations.They will performtheseoperationsmuchmorequickly (andconsumelesschip area)thana setof
smallercellsconnectedto form thesametypeof structure.LikeRaPid,ourdesignsupportsthedesignof flexible,
application-specificdatapathsby exploiting a reconfigurablecommunicationsnetwork.

Our architecturealsoincorporatesthe ideaof a configurationcache,suchasthatpresentedin GARP[9]. The
GARP systemhada configurationcacheto hold recentlystoredconfigurationsfor rapid reloading(five cycles
insteadof thousandsof processorcycles).Our architecturediffersfrom theGARPin thatourconfigurationcache
holdsinstruction-setprogramsfor the cells ratherthanFPGA-like configurations.In our system,representative
programsrangefrom 20– 40bytesin size.

Our architectureprovidesfor runtimereconfiguration,a conceptexploredby many reconfigurablecomputing
researchprojects,suchasChimera[8]. This allows the cell programto be modifiedduring execution. In our
architecture,thehostprocessorcanwrite to theinstructionmemoryof eachcell in thefabric,permittingdynamic
reconfigurationat theinstructiongranularity.

Our systemalsousesa local microcontroller, giving eachnodetheability to run a differentinstructionstream.
Thisconcepthasbeenproposedin numerouspreviousfabricarchitectures,includingtheiWarp,andmorerecently,
RAW [16]. TheRAW microprocessorchip comprisesa setof replicatedtiles. Eachtile containsa simpleRISC
processor, a small amountof configurablelogic and a portion of memoryfor instructionsand data. Eachtile
hasassociatedprogrammableswitchwhich connectsthe tile in a wide-channelpoint-to-pointinterconnect.This
architectureis estimatedto achieve performancelevels10x-100xoverworkstationsfor many applications.

Onefinal conceptis the notion of systolicflow execution- that is the ability to flow the datato the function
units from an interconnectionnetwork in additionto the traditionalmodeof fetchingoperandsfrom memoryto
executein thefunctionunits. In thePACT architecture[2], a flow graphis automaticallymappedto a processing
elementin thearray. Here,thegranularityof operationplaysa vital role in systemperformance.PACT utilizesa
pre-definedfunctionunit. In our system,functionunit granularityis a parameterof thesystem,allowing function
units to becustomizedfor anentireclassof applications.In addition,we canaccomodateothermodelssuchas
MIMD or SPMDin additionto systolicflow execution.

3 Fabric Ar chitecture

Our fabric architectureis basedon a mesh-connectedconfigurablenetwork of runtime reconfigurablecells
connectedto aconventionalmicroprocessorvia asystembus.Thehostprocessorsendstheprogramto thefabric;
it canalsosenddata. In addition,eachcell canaccessdatain a local memoryand in a portion of the global
(host-accessible)memory. The hostcanresetthe fabric, send“start” and“stop” signalsto the fabric, andcan
synchronizeto any specificcell by testingthecell’s internalstatusbit.



Figure 1. Layout of the Fabric and Cell

Eachcell hasits own micro-controller. Thuscontrol of the fabric is distributedacrossall cells. Eachcell is
capableof conditionalexecution,allowing local eventsto be propagatedto othercells. The layout of the fabric
andarchitectureof acell is shown in Figure1.

Certainparametersof thearchitecturearedefinedbeforefabricgeneration.Theseinclude

� thesizeof thenetwork

� thesizeof thecommunicationbusses

� thechoiceof functionalunit for agivenclassof applications

Otherparameterscanbemodifiedduringfabricexecution.Theseinclude

� modificationto thecell’s communicationpatternduringapplicationexecution

� conditionalexecution

� conditionalreconfigurationof thecell’s memoryaccesspatterns

4 Fabric Implementation

A referenceimplementationof this computingfabric hasbeencreatedon the Altera Excalibur ARM CSOC.
Ourimplementationuses8-bit datapathsfor communicationin atwo-dimensionalmesh.Thisversatilecomputing
fabric supportsa variety of computingand communicationsalternatives. Cells on the outer meshbordercan
broadcastto othersontheborder. Localnearestneighborcommunicationsfacilitatessystoliccomputations.Since
eachcell hasits own programmemoryandcontrol unit, MIMD computingis possible. If the sameprogramis
executedby all thecells,SPMDcomputingis accomplished.



Figure 2. Busses to Access Operands from Neighbor Cells or Memory

North 0 0 0
South 0 0 1
East 0 1 0
West 0 1 1

Memory 1 X X

Figure 3. Control Register Encoding for Operand Access Control

In additionto “traditional” parallelcomputingmodels,theprocessor/fabriccombinationenablesseveralunique
communicationandcomputationmodes. The host processorcanwrite (read)datainto (from) any cell’s local
memory, allowing thehostto bothsetandobserve cell internalmemory. For synchronization,theprocessorcan
broadcastastartor stopsignalto thefabric,andcanmonitorany cell’s statusbit.

Eachsubsystemis describedin detailbelow.

4.1 Communication and AccessControl

The communicationmoduleis responsiblefor receiving datafrom andsendingdatato the cell’s immediate
neighborsin the interconnectionmesh.This moduleinteractswith a setof bussesassociatedwith nearestneigh-
bor communication;with communicationof the “condition” bus; with memoryaccess;andwith function unit
communication(seeFigure2).

4.2 Function Units

The function unit performsoperationson two operands“A” and “B.” A three-bitcontrol word to an access
controlunit determinesthesourcefor eachoperandasshown in Figure3.



Figure 4. Function Unit 1: Optimized for Distance Calculation

In this modulararchitecture,function units aredesignedfor applicationclassesandcanbe replacedwithout
affectingotheraspectsof thethefabric. In ourexperimentsto date,wehavedesignedtwo differentfunctionunits,
shown in Figures4 and5. Within FunctionUnit 1, Function1 performstheabsolutevalueof thedifferenceof the
two inputoperands,while Function2 candooneof 6 differentoperations,asshown in Figure6.

In FunctionUnit 2, Function1 performsa multiply, while Function2 cando oneof four differentoperations,
as shown in Figure 7. FunctionUnit 2 can be configuredfor efficient DSP filtering operationswith a Multi-
ply/Accumulateconfiguration.

A ConditionmodulecomparesoperandsA andB, asshown in Figure8.

4.3 Instruction Setand Controller

The microcontrollerexecutesinstructionsfrom the ProgramMemory. The instructionset consistsof eight
instructions.

1. Configure. This instructionconfiguresthe Function1 unit into one of eight possibleoperationmodes.
It configuresthe conditionunit into oneof eight modes. It selectscommunicationsbusses,directionof
communication,directionof optionalmemoryaccess,andwhetherthe function unit will operatein 8- or
16-bitmode.

2. Control. This instructiondirectswhetheror not the functionunit performsanaccumulate;whetheror not
to performa sequentialmemoryaccess;controlswhich 8 bits of a 16 bit operandareto be accessed;and
enablesI/O to/from pipelinedcommunicationbussesaccordingto the communicationpatternestablished
by theConfigureinstruction.The“wait count” field of thecontrol instructionservesa varietyof functions.
It canbe usedfor looping: if a loop countfield is non-zero,the instructionrepeatstheoperation(suchas
accumulation)for thespecifiednumberof cycles.Thiscanalsobeusedto synchronize,sothatthecell waits
thespecifiednumberof cyclesbeforecontinuingwith thenext instruction.



Figure 5. Function Unit 2: Optimized for DSP Operations

ACC = A
�

B 0 0 0
ACC = A � B 0 0 1

ACC = ACC
�

FU1-OUT 0 1 0
ACC = if Cond= 1 thenA elseB 0 1 1

ACC = ACC
�

B 1 0 0
ACC = B 1 1 X
ACC = B 1 X 1

Figure 6. Function Unit 1:Control Register Encoding for Function 2

ACC = A
�

B 0 0 0
ACC = A � B 0 0 1

ACC = ACC
�

FU1-OUT 0 1 0
ACC = ACC

�
B 1 0 0

Figure 7. Function Unit 2: Control Register Encoding for Function 2

A � B 0 0
A � B 0 1

TakeCondfrom CondBus 1 0

Figure 8. Condition Module: Control Register Encoding



Figure 9. Instruction Set Encoding

3. Jump.This is theunconditionalbranchinstructionto a7-bit address.

4. ConditionalJump.A jump is executedif theConditionregisteris zero.

5. StartLoop. This instructionmarksthe beginning of a loop body. A 7-bit loop count is includedin the
instruction.

6. EndLoop. This instructionmarkstheendof the loop body. If the loop counthasreachedzero,a branch
is executedto theaddresssuppliedwithin theinstruction.Thecombinationof Controlwith Start/EndLoop
provide for two levelsof nestedloop.

7. StopthenWait for Start.Thepurposeof this instructionis to stopcell execution,settingtheinternalstatus
bit to 1; andwait for thenext startsignalto arrive from thehostprocessor. Whenthestartsignalis received,
abranchis executedto the7-bit addresssuppliedwithin theinstruction,andthestatusbit changesto 0.

8. Reset.This instructionselectively resetsthespecifiedfunctionunit internalregistersandthenwaitsa spec-
ified numberof cycles. As with the control instruction,the resetcanbe usedfor both looping aswell as
synchronization.

This instructionsetexposesthe microarchitectureof a fabric cell, andgivesthe programmercontrol over all
the communicationbusses,memory, and function units. It is possiblewith this architectureto communicate
independentlyfrom computation.Thus,a cell cancomputeusing local memoryandat the sametime forward
datathroughtheinterconnectionnetwork. Thedatadistribution patterncanbedynamicallyreconfiguredwithout
affectingthestateof computation.In addition,thearchitectureprovidesanoptimizedloopcontrolmechanismfor
up to two nestedloops.If ahigherlevel of loopnestis desired,thehostprocessormustcoordinatetheouterloops
usingthefabricstart/stopmechanism.Theinstructionsetencodingis shown in Figure9.



Cache

MMU

ARM922T Interrupt

Controller

Watchdog

Timer

SDRAM

Controller

UARTEBI

Dual−

Port

SRAM 0

Single

Port

SRAM 0

PLL Reset

Module

Timer

AHB1

Bridge

AHB2

Slave

AHB1−2

Bridge

Master Slave

EMBEDDED PROCESSOR STRIPE

PLD

User’s Slave Modules in the PLD

Master(s)

PROGRAMMABLE LOGIC DEVICE

User Modules Requiring Access to

DP or SP RAMs

SRAMROMFLASHSDRAM

Configuration

Logic Master

Stripe Interface

Bridge

PLD−Stripe

Stripe−PLD

Slave Master

Master

Figure 10. ARM System Diagram

5 Excalibur ARM

Hybrid ConfigurableSystemon a Chip (CSOC)architectureshave beenproposedover thepastseveral years
([12], [9], [13]). Recentlythesedeviceshave begunto appearascommercialofferings([1], [17]). In contrastto
traditionalFPGAs,theseintegratedsystemsoffer a processorandanarrayof configurablelogic cellson a single
chip. We have implementedaninstanceof thegeneralcomputingfabricdescribedabove on theAltera Excalibur
ARM hybridsystem[1]. Thischipcontainsanindustry-standardARM922T32-bitRISCprocessorcoreoperating
atup to 200MHz (equivalentto 210DhrystoneMIPS).Thereis amemorymanagementunit (MMU) includedfor
real-timeoperatingsystemsupport.This architecturebuilds uponfeaturesof theAPEX

���
20KE PLD, with up

to 1M gates.TheARM portionof theExcalibur systemis diagrammedin Figure10.
In our implementation,thefabricis seenby theprocessorasaslavemodule.Thefabricuses8-bit datapathsfor

communicationand8-bit registers,with instructionsetsupportfor 16-bit functionunit operations.With manual
placement1, 52 cells using FunctionUnit 1 were instantiated(13 rows X 4 columns)on the Excalibur ARM
EPXA10F1020C2.Synthesisand Place/Routeresultsaresummarizedin Figure 11. The clock frequency for
FunctionUnit 1 is 29.17MHz, giving peakperformanceof 7.6GigaOps/s.Theclock frequency for theFunction
Unit 2 fabricis 30.78MHz,with performanceof up to 1.5GigaMAC/s.

1Placementdirectivesweregeneratedby ascript.



Clock pins 2
Fasti/o pins 0

Globalsignals 2
I/O pins 37

Logic elements 32131
ESBs 104/ 160( 65 % )

Macrocells 0
Flipflops 8788

FastRow interconnects 0 / 120( 0 % )
Maximumfan-out 3484

Maximumfan-outnode reset
Total fan-out 137997

Averagefan-out 4.1
ESBptermbitsused 0 / 327680( 0 % )

ESBnon-CAM memorybitsused 212992/ 327680( 65% )
ESBCAM bits used 0 / 327680( 0 % )
TotalESBbitsused 212992/ 327680( 65% )

Figure 11. Physical APEX resources used by Fabric

6 ExampleApplication: UnsupervisedClustering

In this sectionwe describean algorithmmappedto the computingfabric. This algorithm is a populardata
mining technique,unsupervisedclustering,alsocalledk-meansclustering. The purposeof the algorithmis to
classifya datasetinto a numberof classes.Eachelementof thedatasetis a vector. This iterative algorithmhas
thefollowing steps:

1. RandomlyassigneachdataelementA � i 	 to oneof k classes

2. Computethecentersof theclasses

3. Loop over thedatasetA

(a) Let C = classof A � i 	
(b) DeterminetheclassnumberK whichhastheminimumdistanceto C

(c) if C is notequalto K, movepixel C to ClassK

4. Recomputethecentersof theclassesK andC

A reconfigurablehardware implementationof this algorithmhasbeenreportedin [4] andmappingto a hybrid
processor(Altera Excalibur NIOS) in [5]. Thekey computeintensive kernelof this algorithmis distancecalcu-
lation betweena classcenteranda dataelement.We usethe distancemetric suggestedby [4], 
A � i 	�� C � i 	�
 to
approximatethemoretraditionalEuclideandistancemetric.

The fabric implementationof this algorithmparallelizesacrossclassesandusestwo cells for eachdistance
calculation(seeFigure12 at cell pairs(4, 3) and(6, 5)). Thefirst cell, locatedon thefabricperiphery, computes
thedistanceusingtheabsmeasure.Thevaluefor thecenteris storedin this cell’s portionof theglobalmemory,
which is pre-initializedby thehost. Cells 4 and6 in Figure12 performthis calculation.Thesecondcell of the



Figure 12. Data Flow and Computation on Cellular Array

pair comparesthe distancesentfrom its eastneighborwith the distancefrom its southneighborandsendsthe
minimumof thetwo to its northneighbor. It alsosendstheclassnumberassociatedwith this minimumdistance
to its north neighbor. Cell 3 doesthis computation.Cell 5, sinceit hasno southneighborsimply forwardsthe
computeddistancealongwith its classnumberfrom Cell 6 to its north neighbor, Cell 3. The hostwritesa data
elementinto Cell 2, which broadcastsit to all thecells in its column.Cell 1 receivestheclassnumberassociated
with theminimumdistanceandstoresit in local memory, from which locationthehostreadsit back.

In the cellular implementationof this algorithm, thereare four differentprograms:Cells 1 and2 have very
simpleprograms.Cell 1 readsthedataelementfrom localmemoryandbroadcaststo all cellsin theoutercolumn.
Cell 2 receivestheclassnumberfrom its southneighborandwritesit to local memory. Theprogramsfor Cells1
and2 have7 instructionseach.Cells4 and6 haveaprogramto computethedistanceandforwardto thetheirwest
neighbors.This programhas11 instructions.Cell 5, using10 instructions,simply routesits distanceandclassto
its north neighbor. Cell 3 computesa minimum andthenroutestheappropriatecenterto its north neighbor. In
orderto dothis, it mustchangeits internalconfigurationto selecteitherthesouthor eastcommunicationbus.This
programhas23 instructions.

Thetimeto processadataelementof lengthN (recalleachdataelementis avector)andnumberof classesM is
givenasmax�� ��������������������� ������� clockcycles.Eachcell takes617Logic Elementsand2 ESBs,sothat
on theAPEX20KC, it is possibleto fit 52 cells. In contrast,a directhardwareimplementationon theExcalibur
ARM takesmax�� �!�����"�$#%���&�'�(# clock cyclesanduses202cellsandoneESB.

For valuesof N=224 andM=8, which arerepresentative of hyper-spectralimagery, the fabric andthe direct
implementationare roughly equalin performance,while the cell usesabout3 times the areaof the direct im-
plementation.Oneadvantageof thecell fabricapproachis that thealgorithmis written purely in software,with
no hardwaredesignandsynthesisrequired. Anotheradvantageis that the cells’ programsarerepresentedvery
compactlyascomparedto FPGAconfigurations,sothatdynamicreconfigurationcanbeefficiently accomplished.
For example,thelargestof thecell programsoccupies38bytes.



7 Conclusions

Wehavedescribedacomputingfabricconsistingof aparameterizedcellulararrayconnectedto ahostprocessor.
Theparameterizednatureof thearchitecturepermitsgenerationof thefabric for specificclassesof applications.
Thisapproachis madepossibleby themodulararchitectureof theproposedfabric.

A novel aspectof this fabric is theuseof globalmemory. This memorygivesthehostprocesorrandomaccess
to all variablesandinstructionson thefabric’s cells.Thememorycanbeinitialized in thesameway asastandard
memoryin a computer. Programsanddatacanbe dynamicallyloadedduring processingon the fabric because
the global memoryis dual ported. This reducesoverheadfor preparingthe dataandprograms.The fabric can
reconfigureitself duringprocessingusingdatageneratedduringfabricexecution.

Two fabric instanceshave beensynthesizedon theExcalibur ARM. Eachcanhold up to 52 cells. The fabric
runsat29MHz,giving peakperformanceof 7.6GigaOps/sand1.5GigaMACs/s.

An unsupervisedclusteringalgorithmhasbeendemonstratedon the computingfabric. The implementation
shows approximatelythesameperformanceasa directhardwareimplementation,but holdsfewer classes.How-
ever thefabricapproachrequiresno hardwaresynthesisbut insteadusesasoftwareprogram.
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